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I. INTRODUCTION AND STATEMENT OF PROBLEM 



There is * need in biological y-ray studies for an 
instrument capable of measuring low dose rates* There 
ere two requirements which such an instrument should 
meet. Those arej (l) ability to measure dose rates in 
rar/hr (lailliroentgens per hour) and (f) dimensions small 
enough such that the position of the detector for the y 
radiation can be determined within & few millimeters. 

The first requirement is necessary for an Instan- 
taneous knowledge of the dose rate. The second require- 
ment would enable measurements of a radiation field with 
a high gradient or the determination of dose rates in 
intercavity measurements. 

Rone of the instruments presently available meet 
both these requirements. The thimble chamber, which has 
small dimensions, is calibrated to read total roentgen 
dose and requires an excessive exposure time for small 
dose rates. Air ionisation chamber dosimeters capable 
of reading low dose rates in nr/hr, are limited in their 
use because they require a relatively large ionisation 
chamber. 

An instrument capable of meeting both requirements 
has been proposed and investigated experimentally by 
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several authors^”* ^ » Such an instrument would be 

composed of an organic scintillator, a photomultiplier 

tube, and an electronic detecting system. In the first 
(l 

two papers' * ' which investigated the usefulness of 

this device over the low energy region (£0 Kev-20G Kev), 
the detecting system merely measured the average direct 
current output of the photomultiplier tube by means of 
a direct current amplifier. Prestvich and Colvin ^ in- 
vestigated a system for us® in the medium energy y -ray- 
range (250 Kev-3 M©v), where the detecting system con- 
sisted of a highly complicated electronic spectrometer 
which they admit would be unsuitable for a practicable 
dose rat© meter. 

Dr. Gerald J. Bine suggested to the present author 
that the technique, as used by It trier and Ter-Pogossl&n^ 
of measuring directly the output of the photomultiplier 
tube should also be applicable to the medium energy range. 
Therefore the present author has undertaken an experi- 
mental investigation of such a system in the £50 Kev to 
3 Kev range and this paper is a report of the investi- 
gation. 
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II. THEOiSmCAL ASPfcCTS 



A. Basic Considerations 

In radiobiology, radiation doss is measured in 
roentgens and dose rate in roentgens per unit time. The 
roentgen, as defined by the Radiological Congress at 
Chicago in 1937, is a unit of energy dissipation, or 
quantity of ionization, by y or x-r&ys in a standard 
arbitrary material, air. ^ Therefore in order to 
measure the energy dissipation or quantity of ionisa- 
tion in roentgen units, the interacting material must 
either be sir or & material "equivalent" to air. By 
"air-equivalent" material is meant a material in which 
the energy dissipated per gram of material is equal to 
the energy dissipated per gram of air. 

To determine the energy dissipated in any material 
when there is an incident y-ray flux, it is necessary to 
consider the detailed processes by which y rays interact 
with matter. There are three main processes which have 
a probability of occurring when y rays are incident on 
matter. These are (1) photoelectric effect, (8) Compton 
collisions, and (3) pair production* In the first two 
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processes the y-rajr photons interact with the electrons 
in setter end deliver port or all of their energy to 
an electron. This secondary electron then moves through 
the matter losing its kinetic energy* which it received 
from the Incident y-rcy photon, by the process of ionisa- 
tion and excitation until all its energy Is lost* In 
the third process the y-roy photon is transformed in 
the field of & nucleus into a positron-electron pair 
both of which proceed to lose their energy in the saa® 
manner* The positron after losing it a kinetic energy 
will react with another electron and produce annihilation 
reflation returning an energy of 1.02 Kev in the form 
of two y rays each having an energy of 0,51 Hev. 

Since the energy required for the production of an 
ion pair is roughly constant at about 32.5 ev/lon p*ir^ ,u ^ 
the number of ion pairs is proportional to the energy- 
delivered to the secondary electrons. This is the basis 
for the air ionisation chamber which collects the ion 
pairs, measures their total charge, and obtains a measure 
of dosage. 

In a scintillation crystal, light pulses are pro- 
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dueed by a complicated scintillation process' ' 
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associated with the loss of energy through ionization* 
Hopkins^ ha* shown that tho light puls* in anthracene 
is proportional to the secondary electron energy initiating 
It at least for electron energies from C.lf 5 to 3.f? Kev. 
VAncn tho photOKultinlior current is proportional to tho 
incident light flux tho integrated current resulting from 
th? scintillation pulses is © wee strre of the secondary 
electron energy or tho energy dissipated in the crystal. 
This is the 1 m sis for a scintillation dose rate no tor when, 
the scintillation material is *a i r-equi v« lent w . 

B. Tner/tr Absorbed in v«7f .■ In tor ctions 

If the scintillation material is p air-#t 4 wi valent* 
the ratio of the energy absorbed./ sec in mi organic 
scintillator to that absorbed/sec in air should be 
constant. To find this ratio we proceed && follows: 

Let E » y-ray energy in Kev 

of 

* fecattei’ed y -ray energy in Ccaapton collision 

n * number of incident photons/cra'-eec of 
energy E y 

A *= effective area of incidence 

<y » total Compton linear attenuation coefficient 

in enf * 
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& a 

or » true Compton linear absorption coefficient 

o. * Compton <> ef. tt spring coefficient in cm*''*’ 

T w photoelectric linear attenuation coefficient 
in em“* 

K * pair production linear attenuation coefficient 
in cm*** 

u « total linear attenuation coefficient in cm**^ 

* o 

ti « ff + K + T 

o 

p a « true linear absorption coefficient in cm 

U as Cf^ + K + T 

r a a 

¥ ® binding energy of H K W electron 

Hass absorption coefficients arc obtained by dividing 
the linear absorption coefficients by the density p. 

Figure 1 fhovs the value of u/p, {* a /P# T /p> end * /p 
for air as & function of Incident y-r&y energy. Figure 
2 is the game for anthracene and Fig. 3 is the sane for 
Sal (see Appendix A for sample calculations and source 
of data) . 

In a Compton collision the energy absorbed per 
interacting photon is (S^ - ) end the probability of 
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Figure I 

MASS ABSORPTION COEFFICIENTS FOR AIR 
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MASS ABSORPTION COEFFICIENTS FOR ANTHRACENE 




E y Mev 



interacting per photon per era or path length is cr* 
Therefore the probable energy absorption per photon per 
cn of path length for & Coup ton collision Is 




In the photoelectric process the energy absorbed 

per interacting photon is (X y - y) end the probability 

» 

of interacting per photon per on of path length is T . 
Therefore the probable energy absorbed per photon per ca 
of path length in the photoelectric process is 

T*(£ y - V) 

In the pair-production process the energy absorbed 
per interacting photon is (E, y - Km^Gj end the probability 
of Interacting per photon per fR of path length Is K . 
Therefore the probable energy absorbed per photon per 
c*i of path length in the pair- product ion process is 
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The total probable energy absorbed per see ® d.E« 

A 

for an incident flux of n photons/ cm*'- sec In a thickness * dx 
is the sum of the probable energies absorbed per unit tine 
in a thickness dx for the three processes. 

dE y * »*jdx ff a E y + (B y - V!) 4- (fc^ * £m 0 c 2 )^ (B-l) 

The total energy per sec absorbed in a thickness J2/ is 

r jL 

% * J dBj (B-£) 

o 

For air and organic materials. In the energy range 
considered (0.01 Mqv to 10 Mov), V is negligible compared 
to y Also sines A (E y - an o o £ ) « this tors, car, to. 

neglected. Using these simplifying assumptions the equation 
for energy absorbed per see in dx becomes 

dEj * nA? Y (cr a + t ) dx * nAB j* a dx (3-3) 

In a material whose thickness is A* the number of 
photons/ta -see, n, incident on a cross section taken 
anywhere between 0 and & is not constant but follows an 
exponential law 

-fi x 

n « n Q e (B-4) 

The total linear attenuation coefficient ** 0 is chosen 
here on the basis of crystal slxe, which makes the 



» - . . i .... >U .. \% 

t Ml * m '• * -i ci ** m ■ •' X iy *.• r * - a i * »i 

£ i »: - .-) - (w - ^ + f \* ']’•- -»'• 

• - 4 t«*. . . ■$ »* . i .o » if'i u -•- X -o< -i. 

1 - : l * „ 

• 

• Ci t hscil Ji 1<8 *rr»! 

-i ;-W * ~ - <• ,(?!** ■! "• X--’.- ! 

»i ' •*-. • » (*•» *r" ~ •; * .. fi . . ■; (i 

T» y 

if »>*-;0 x% *! xcr, 

f -t) :* . • * it I t 1 _ ),^ * x .ir 

. ;#•* - : 4 I . tl'ii . yf > • tfl 

«• ■•-* c • j .?• * *•*: ■■ t K * ,•••* •. • / ‘ A 4 

f a * . : > ■ ■ . * ft tf« Jo : . t 4 b * • ...♦*•.*/ .•<< : i«-fr 4 «a 

nf i C»r»noo«f 

x v- 

BfS • ■ 

»' . „ '-*.u x*ft> \it*.a>JJA *. .k/.ju i-Xo: —X 

• c ! rtu ^**!4 X*Tr - 0 \o •JO'*. rr.- •<r»r> 



probability of multiple scattering extremely unlikely 



The actual value lies soistwhere between ^ and ji sod Is 

( < d ) 

dependent on the geometry,' ' The total energy absorbed 
per sec then becomes 

ft - 1 * 0 * 
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Using primed symbols to indicate values for air and 
unprimed symbols for organic scintillators the ratio of 
energy absorbed per sec in an organic scintillator to the 
energy absorbed per sec in air become# 
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For an ionisation chamber of reasonable sis© 

(1-2 liter volume, 3~4 ma air equivalent vail material) 

#*U ^ _y 

p * £,* <cl ? therefor® 1 - a • ji * £ f arvS the ratio 

t# v 



becomes 
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For a specified organic scintillator and ion chsueber 



Since we are interested only in the relative values 
of H the value of the constant C can he chosen to normalize 



is a function of crystal thickness* 

All of the above equations have been derived on the 
assumption of a laonaenergotic y-r&y source. Ve must in- 
vestigate the problem also for non-nonoenergetic sources* 
First w© define an average y-ray energy 



the ratio 




will remain constant* The ratio K can then 



be written 




(B-8) 



R to one at any aaloet.d valna of E^. Rote that thl. ratio 




where 



« percent abundance of l*th y ray 



energy of i*th y ray 
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Using the expansion for e for air, «* before, the 

ratio of energy absorbed per sec by the organic scintillator 
to energy absorbed per sec by air becomes 
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For the sources used experimentally which hove s non- 
mococnergetic spectrins the greatest correction (not con- 

1%A 

sidering Ra) will occur for the Ua fc * source which has two 
y rays of widely divergent energy* Calculation of the 
ratio R, considering the separate y rays, compared with 
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tha calculation of R, considering the source nonoenergetic 



with a y-ray energy equal to the average y-ray energy of 

©4 

Ka , shows that this correction ia less than 1 percent 
(see Appc: clix A), We therefore conclude that if ve con- 
sider all our sources monoenergefcic with an energy equal 
to their average y-ray energy as defined in equation (B-9) 
no appreciable error will be introduced. 

In Fig. 4 are shown the theoretical results of the 
calculation of the ratio R for anthracene crystals of 
different thickness. The curve drawn for a crystal thick- 
ness of 0 rna is obtained from equation (B-8) by setting 



the thickness correction factor 












This 



is equivalent to the assumption that there is no loss due 
to absorption of primary radiation in a crystal whose 
thickness is % % (i.e», n • n Q in equation (B-4)) , The 
value of the constant C is chosen so that the computed 
ratio R for B y * 0*6 M»v Is equal to 1. This value is 
chosen since the investigation of Fig. 2 shows that stO.6 
Mev r/p and K/p are very small compared with d a /p and 
therefore, at this energy, anthracene should be ^air- 



•qui valent* • Figure 4 shows that the energy chosen for 
the normalization point could have been selected anywhere 
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Mev 



between 0,3 and $.0 Mev since in this region the ratio is 
linear and equal to X. This energy range is the true ’’air- 
equivalent” range under the assumption that there is no 
loss in tie crystal due to absorption. Belov 0*3 Her the 
ratio is seen to decrease and this is caused by the 
difference between the photoelectric absorption coefficient, 
T/p, for air and anthracene, ibovo F.O Mev th® ratio is 
also observed to decrease and this is caused by the difference 
in pair production coefficients, K/p, for the two materials# 
By introduction of the correction factor we would 
expect the ratio to be greatly decree sod in the lower energy 
range end only slightly decreased. in the higher energy 
range sines, for energies <. 10 Kev, increases as the 
energy decreases. The decrease should also be more pro- 
nounced as ^ increases, Investigation of the curves for 
6 thickness and £8 ram thickness in Fig# 4 shows that the 
decrease in ratio as a function of jt is as expected. Th® 
relative decrease as a function of energy is masked as & 
result of the choice of 0,6 Kev as the normalisation energy. 

To show this effect the curves should be drawn with absolute 
values for the ratio B* The general shape of th© curves 
remains the sane as for the 0 nm case. However, the linear 
portion of th© curve above 0»! Mev no longer has 0 slope. 
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Th« choice of 0.6 Mev aa the normalisation energy la roads 
since this energy lies at the rJ.dd.le of the linear portion 
of tho curve and gives the greatest approximately l, air- 
equivalent n range* The *alr-equi valent* ranges within £ 5 
percent aro 

tt Air-«tyni valent* range 
Crystal thickness 5 percent 

0 tan 0.11 Kev - 6.0 Hev 

6 km 0.13 Hav - 9.0 Hev 

85 m G.£5 Hov - > 10 Hev 

In Fig* 5 the theoretical value of the ratio H as a 

function of energy is shown for a V&I crystal. The dis- 
cussion given above for Fig. 4 is also applicable for this 
case. The normalisation energy for H&I was selected as 
1.5 Hev since investigation of Fig. 3 shows that T /p and 
k/p are very small compared to c r /p at this energy. 
Therefore at this energy Hal should be * air-equivalent*. 
The approximate "air-equivalent* ranges within + 5 percent 
for Hal ere 

Crystal thicknoas "Alr-oquiv&Xent* range 

+ 5 perc ent 

0 IMS 



135 ran 



0.62 Mev - 3.3 Hev 
0.50 Mev - 3.0 Hev 



* - . V ' ... - : ^'-'o » T 

• k«i .rr% :" *• 

' *> • ' i v • • . ,--.v 3> *. ; 

£ ‘i - - • ' i»* ■ - i • *( f - s . ■» 



• ■ ■- • v •. *c ' •>• • * „ . m : 

• 1 • -* I R ■- * •' •_> !*>..*• >C rft..; vvl 

• ,j *»» ft T J - .• 

\ T ■ I • ' l* f • • . :r >• • i • L; 

. ; 1 o ■ * >• • • t * 

• ttm; • * r.*-- • *. r v jit tj.- n ’■ 



#0M<m » ♦ tklaMb* %*&** i ^ 



. - i»: oiii _ j.. 



»U 






. . • . i . ' 1*.U 

. 

■ i- \ •* 



■i 



•u iii nk 




r *1 



Mil 










Mev 



Tho effect 01 multiple scattering must be considered 



in this treatment of the theoretical aspects of the problem. 
Multiple scattering would be greatest for low energies and 
and for thick or garde scintillators* Presfcwieh and Colvin^ 
srstii&atiji, under gross assumptions, that in a 20 sun thick 
anthracene crystal at an incident y-r&y energy of 280 Kev 
a roaxiisua value of 3.4 percent of the incident photons could 
suffer 2 collisions. Using this v« lue and neglecting any 
multiple collisions in the ion chamber since l/p_ » wall 
thickness of ion chamber, we can calculate a now ratio 
taking into account the energy absorbed in the crystal as 
a result of multiple collisions* Proceeding as before the 
ratio then becomes 
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where 



£ * » average energy of scattered y rays 

i* * ** true linear absorption coefficient for a 

cl 

Y-ray energy of IT/* 

ji 0 * «* total linear attenuation coefficient for a 
y-roy energy of Vi~X 

«= average path length in crystal for a scattered 



Y ray 
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Since E * ** - — E and for a cylindrical crystal vhose 
' °s °a ' 

diameter is equal to its length A* *= //2 this ratio can 




The percent increase in R when the effect of multiple 
scattering is considered is then 

1.7p a * 

percent increase in R « 

For a cylindrical anthracene crystal with a diameter 
and length equal to £0 m, and an incident y-r&y energy of 
£00 Kev then the calculated percent Increase in R is 
percent increase In R « 1*2 
We therefore conclude that under the conditions of 
this experiment the effect of multiple scattering will be 
negligible* 

D. Electron Leakage 

In concluding the theoretical aspect of the problem 
the effect of electron leakage will be considered. At 
high energies some of the secondary electrons produced in 
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the scintilla tor will have mean ranges vtiich are comparable 
to the dimensions of the scintillator. This means that 
some of the electrons will escape from the surfaces of the 
scintillator before all their energy has been dissipated 
in the scintillator. The ratio of energy absorbed/sec in 
the scintillator to energy ebsorbed/sec in air will then 
be lower than that computed by theory. This difficulty 
should be removed if an ’bir-aqui valent” material thick 
enough to provide electronic equilibrium surrounds the 
crystal. Electronic equilibrium will occur, when the 
thickness of the surrounding material is approximately 
equal to the maximum range of the secondary electrons in 
the material* This will be investigated experimentally. 
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III. EXPERIMENTAL EQUIPMENT AND PROCEDURE 

The equipment used in this experiment consisted of 
two basic measuring systems! (I) an air ionisation dose 
rate meter and (2) a scintillation dose rate meter. 

A . Ion Chamber Dosimeter 

The air ionization chamber dose rate isoter selected 
for use in this experiment was & commercial Beckman Radio- 
activity Meter, Model MX-4. The ionisation chamber used 
with this meter is a 3 ssa bakelite cylinder whose volume 
is approximately 1.6 liters. The ion chamber was always 
placed so that the source was on its axis and in this 
position the front cover of the ion chamber is removable 
leaving a thin celluloid window 0,10 inches thick. The 
ion chamber is connected to the meter by a coaxial cable 
approximately 6 feet long* The most sensitive scale on 
the meter has a, full scale deflection of 1 mr/ hr. The 
next scale has a full scale deflection of 2 mr/hr and the 
next scale which is the most stable of the lower three 
scales has a full scale deflection of 5 lar/hr. The source 
strength and distances were always chosen to give a reading 
on the 5 mr/hr scale. All readings taken were corrected 
for non-linearity of the scale with a maximum correction 
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for center scale readings of approximately i percent of 
full scale deflection. 

B* The Scintillation Dosimeter 

The scintillation dosimeter consisted of one of 
several types of organic scintillators mounted on an BCA 
5S19 photomultiplier tube. The photomultiplier was always 
operated at a negative voltage of 750 volts. The output 
of the photomultiplier %/as connected directly to & modified 
RCA ¥V-B4A DC mlcroamaeter. The modification consisted 
of inserting a feedback capacitance of 1.0 pf between the 
piste and grid of the input tube. This is essentially the 
same arrangement as used by Ittner and Ter-Pogossian. ^ 

The purpose of the feedback capacitance is to smooth out 
the input which is in a series of pulses from the photo- 
multiplier tube. Care must be exercised in the selection 
of the capacitor used in such a modification as a capacitor 
having only slight leakage will cause excessive drift in 
the meter. The meter used in this experiment had a drift 
of less than 1 percent of full scale deflection per hour 
on any scale. 

All of the organic scintillators used in this experi- 
ment, with the exception of the 6 am anthracene crystal 
which was cut to fit the top of the photomultiplier tube. 
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were mounted on a cylindrical lucite light pipe 3 m 
thick *md 37 mat in diameter cut to fit the top of the 
phototube* The side* and backs of all the scintillators 
were covered with 1/4 mil aluminum foil to increase the 
light collecting efficiency. Optical matching was 
obtained by the use of Hujol. 

All measurements were made with a jn-metal shield 
around the phototube and & light cardboard shield was 
placed around the phototube and scintillator assembly to 
remove stray visible light. 

C. Arrangement 

In order to reduce to as small an extent as possible 
any contribution from scattered radiation the ion chamber 
and phototube scintillator assembly were mounted on a 
light aluminum frame approximately 2 meters apart and 1.3 
meters above a wooden table. For Abroad b©ast B geometry 
the sources were positioned between the two detectors, 
suspended from strings, at the same height above the table. 
The ceiling, vails, and floor wore all at & distance greater 
than 2.5 meters from either detector or source. 

Distances from source to detector for the scintillation 
arrangement were measured from center of source to center 
of crystal. For the ion chamber the distance was computed 



* • . . * kl [ %4J>*4 • 



9*9 Tf l-J Ml 


i in *s 


Iff lam 


ill el w 


?* t*« -Arl ’4 


m. 


f U* Id 




liMi nr 


• ••• 


p**rwn| ■< 


*_■ 


ilfeii Ui 


»\i IN> 





. . .1 , :• '/••• l«+U 

- .t , uniWI 

i 

j • » V. c; a^fl fcjMPCB 

, !•*«/) 



« r J 

- *i«l« ^ «•_ •* .Tii-Tircnm# tjw 

• * » ».. ..... rt i • -•< o >*«ih fen 

U. ♦ • “ ,• %r-r *-.**• i felt 

- • • ** - »■* •» •**•"** i«i 

* • -V ^ <r, « 

* -j m, -•..t. . - .j ■ . <.- ^ n %•» , r ii m Mf 

. • » ■ • .• • •■•’•' • ■ • • • . • • . *-•> 
» • • 

HIM m4 W lw fe —<flii« ««0 MfeMB VWr IMfeMifel 

*— • • * ... 



( 1 r \ 

using the formula s 7 

x = J&i J2- + e) 

where a « distance from front vail of ion chamber to 
center of source and JL *» depth of ion chamber. The 
sources used era described in the table given below. 



Source 




~y 




~Y 


r J?03 

ug 


£ cl acid soln. 


2 GO K ev 


100 percent 


£60 Kov 


jlw 1 


S ml ccid soln. 


Complex^' ^ 




367 Kev 


C5 1 -’ 7 


0*1 Ml acid soln. 


663 Kev 


100 percent 


663 Kev 


Ra 


Ra salt, 0,5 mts 
Pt filter 


Complex 




1.04 Kev^ 


a 

o 

o 


1/4 B 15 mil wire 


1.17 X«v 


100 percent 


1.25 Mev 






1.33 Kev 


100 percent 




£4 
Ha ^ 


3 gm la£0 3 


1*38 Kev 


100 percent 


£.07 Kev 






£.76 Hev 


100 percent 





For the Abroad beam* 5 geometry the sources were enclosed in 
»5 ml glass vials, wall thickness 1 Era, except the Ra source 
which was enclosed in a 3/4 inch diameter solid luclte con- 
tainer. 

For the ft good R geometry the sources were placed in 
glass toft tubes (13 mm diameter, 1 m vail thickness) 
which were inserted, in « load collimator whose dimensions 
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are shown In the figure below 





A piece of bakelita 4 im thick covered the exit port of 
the collimator to absorb the secondary electrons and 
fluorescent radiation emitted from the colliis&tar * the 
collimator was positioned at the height of the detectors 
on a light aluminum framework. 
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IV. EXPERIMENTAL RESULTS 



A. ^Good* Geometry 

The theory »s outlined in Section II is based 
only on primary radiation. In order to check this theory 
it is therefore necessary to eliminate any possible 
effects that night occur as a result of scattered radiation. 
It was at first thought that by using the arrangement as 
described in Section III of placing the sources and detectors 
at least R.5 meters from the vails, floor, end coiling 
there would be negligible contributions from scattered 
radiation to the dose rate as measured at the detectors. 
Investigation, to bo described in this section, proved 
this premise to bo incorrect and led to tlie use of a 
collimated source and ”good n geometry for the experimental 
measurements to be used for comparison with theory. 

Figure G shows the experimental results obtained 
using a 6 m anthracene scintillation crystal. The experi- 
mental points were normalised by comparison with the 

137 

result obtained for Cs whoso y-roy energy is 663 Kev. 

For this energy the theoretical curve plotted in Fig. 6 
and normalised at 600 Kev, also lias a value of one. There 
is excellent agreement with theory using "good” geometry 
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for the Ug , Cs , «nrl Co y-r«\ys. The low value 

j>4 

for the lie ' measurement is believed to be a rosult of 

the electron leakage discussed in Section II-C. The 
P4 

result for Ha ' when the crystal is encased in 3 rm of 
bakelite is also shown in Fig. C and the closer agreement 
to theory is attributed to the improved electronic equili- 
brium which exists under these conditions. Separata 
investigations of the leakage loss as a function of crystal 
thickness and equilibrium conditions are pro seated later 
in this section. 

An attempt to correlate the results obtained in this 

( '?} 

energy range with the results of Brucker v ' in the low 
energy range is shown in Fig. 7. His experimental results, 
assuming his measured value at 185 Key to be in agreement 
with the theory outlined in Section IX, are shown along 
with the theoretical curve and the measured value of the 
Hg*^ source, used In this experiment, for a 25 mm anthracene 
crystal. The results are considered quite good considering 
the uncertainty in the average x-ray energy. However the 
increased rate of fall-off at the lower energies could be 
a result of scattered radiation resulting in a lower average 
energy than that of the primary beam for which the energies 
are given. Ho mention of scattering is made in his paper. 

( 5 \a\ 

In accordance with Gray* a v * 1 cavity theorem to 

obtain correct measurements with ionisation chambers 
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(and the same principle can hi extended to organic 

scintillators) there must be electronic equilibrium of 

the secondary electrons in the region in which the cavity 

or detecting medium is located. By electronic equilibrium 

is scant that the rate of flow of secondary electi-ons in 

a small differential volume is the same in one direction 

as in the opposite direction. In order to check the 

detecting instruments used in this experiment for equilibrium 

conditions the following measurements wore made: 

1, The front wall of the ion chamber was built up 

in stops using celluloid and bakelite and readings taken 

2 4 

using a collin* ted Ha source approximately <0 cm In front 

of the chamber. It was felt necessary to increase only the 

front wall thickness as Mayneord and Roberts have 

stated that the largest contribution to the ionisation 

inside the ion chamber arises from the front wall. The 
P4 

Ka source was selected since equilibrium conditions 
require an increased wall thickness as the energy of the 
primary radiation increases, therefore the effect of non- 
equilibrium should be more pronounced for this source. 

The results, using a collimated source, are shown in 
Fig. 8, curve A, and the expected build-up in ionization 
as the equilibrium conditions arc reached at 6 mra wall 
thickness is readily apparent. The other curves shown in 
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FRONT WALL THICKNESS - mm 



this figure will be discussed in part B of this section 



£» Essentially the same experiment was performed 
on the 6 mm anthracene crystal. The crystal was encased 
in a cylinder of bakelite 6 am thick and then different 
thickness front covers were placed over the crystal to 
check the equilibrium conditions. Two sources were used 

r / ^ 'i 

in this experiment, Ha and Co . The results and dia- 
gram of the arrangement are shown in Fig. &• For the 
Co ' source no build-up with wall thickness is observed 
leading to the conclusion that for this energy, l.f.S Mev, 
and this thickness of crystal, 6 mm, equilibrium conditions 
car; bo achieved in the crystal itself with zero thickness 

£/t 

of encasing material. The curve for Ha shows a definite 



build-up with a maximum when the front wall thickness is 
increased to 3 a. 



To obtain some idea of the leakage loss as a function 
of crystal size, a plastic scintillator was obtained from 
the Pilot Chemical Company of Waltham, Hass. The selection 
of a plastic scintillator was made as it can be easily 
machined and polished to any desired shape or size. The 
Y-ray attenuation coefficients for plastic are essentially 
the same as for anthracene. The original plastic scintillator 
was a cylinder £5 mm in height and £8 mm In diameter. 

Several scintillators of the same diameter but different 
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DOSE RATE (Arbitrary Units) 
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Source - Na 24 
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Source - Co 60 
a. 



Bakelite 




mil Al foil ,5819 Photomultiplier 



Anthracene 



6 mm 



EXPERIMENTAL ARRANGEMENT 



Figure 9 

DOSE RATE vs FRONT WALL THICKNESS 
"GOOD" GEOMETRY WITH 6 mm. 
ANTHRACENE CRYSTAL 
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thickness wore cun chined from the original cylinder. 
Keasureraeuts using a collimated Jfe eource were made 
and the ratio of ion chamber response to scintillation 
meter response as a function of scintillation thickness 
are shown in Fig* 10* The ratios are plotted on the 
assumption that the loss for the 1!5 ar thick scintillator 
is negligible. The difference in dose rot 1 ? as a result 
of absorption has been eliminated in this series of 
measurements by correlation with lowar energy measurement* 

pA 

end normalisation at the average energy of J * 

Tho nea surenonts cnie usin~ ’’good* geometry are 
useful primarily in checking the theory. In practical 
applications of a scintillation dose rate meter for radio- 
biological work it ir* expected that most measurements 
would be made under "broad bean* conditions. Some of the 
effects caused by scattered radiation \ising "broad beam 0 
geometry will be discussed in the next section. 

8* "Broad Beam” Geometry 

v.'hen using "broad bean* geometry many new variables 
are introduced into the problem. No attempt will be made 
in this discussion to investigate these different variables 
but the main effects of scattered radiation on dosage 
measurements when using organic scintillators will be 
presented. 
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Tho measurements obtained using tJ broad beam” 



geometry and the G Wk anthracene crystal are shown In 

Pig, 6. Vo observe that in the low energy region the 

experimental ratio lies below the theoretic;!* This 

Is to be expected if scattered radiation is present since 

the aver; ge energy of the radiation reaching the detector 

would bo lover than the average primary energy. At the 

p 4 

aver ge energy of Ha ", 2.07 May, the ratio is now closer 

to the theoretical than that obtained using -good” 

geometry. This can also bo explained on the basis of a 

lovered average enei-gy. Since for this thickness crystal 

experimental results chow that little or no loss is 

60 

expected for the average energy of Co , lowering the 

P4 

average energy of the Ha source would reduce the effect 
of leakage loss thereby increasing the ratio. 

The first indication of the effect of scattered 
radiation was apparent when a chock of tho ionization 
chamber for equilibrium conditions was isado. Using 
"broad beam" geometry the front wall thickness of the 



ionisation chamber was increased for four different sources. 



These results are shown in Fig. 11, end Fig. 8, curve D. 



Ho to that for the Cs 



137 



CO 



60 



and V& ' A there is a decrease 



in dose rate as tho wnll thickness Is Increased from zero. 
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DOSE RATE (Arbitrary Units) 




FRONT WALL THICKNESS -mm 
Figure 1 1 

DOSE RATE vs FRONT WALL THICKNESS FOR AIR 
IONIZATION CHAMBER "BROAD" BEAM GEOMETRY 
Source to chamber distance ~20 cm. 



source. To 



PQ3 

and only a slight build-up for the Eg 

determine if the increase in dose rate was a function 

of the distance of the source over the range in which 

the measurements for this experiment were taken, three runs 
0 4 

using a Na source at distances of 5 cm, £0 cm, and 50 
cm were made. These results are shown in Fig* 1£. No 
measurable difference due to distance was observed. 

Further experimenting was undertaken by placing & 
load sheet 8 inches square, 8 mm thick, between the source 
and the ion chamber. The lead was first placed adjacent 
to the source and then moved against the face of the ion 
chamber. Readings were taken for both positions end these 
are plotted in Fig* 8, curves B and C, for comparison with 
the ’’broad beam 51 and "good” geometry curves which are also 
shown in Fig. 8. With the lead sheet adjacent to the ion 
chamber some of the scattered radiation which is of lower 
energy than the primary radiation will be absorbed in the 
lead and, as the experiment shows, the curve for this con- 
dition approaches that for the ’’good” geometry. With the 
lead adjacent to the source none of the scattered radiation 
is attenuated and the curve is the same as that for the 
”broad beam” case except for some attenuation of the 
primary radiation. 
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Figure 12 

DOSE RATE vs FRONT WALL THICKNESS FOR 
AIR IONIZATION CHAMBER 
Source - No 24 
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In view of the probable applications of a scintillation 
dosimeter, measurements were made using ’“broad bean” geometry 
on several different types and sizes of organic scintillators* 
the results of these measurements are shown in Fig. 13* 

All of the organic scintillators used have esecntlally 
the sane y-ray attenuation coefficients as those for 
anthracene. An estimate of the relative efficiency of 
the different scintillators was made on the basis that 
the light output is directly proportional to the volume 
of the scintillator and the results in order of decreasing 
efficiency are given below: 

1. Anthracene. 

£• Stilbene. 

3. Plastic 

4, Ter phenyl 

Examination of Fig. 13 shows that the experimental 
£03 

results using an Hg source arc always below the pre- 
dicted theoretical curves and as previously mentioned this 
is probably a result of a lowered average energy due to 

the presence of scattered radiation. At the higher energy 
£4 

of the Xa source examination of Fig. 13 shows that the 
experimental results also lie below the predicted theoretical 
curves. The experimental values for the thicker crystals 
are in closer agreement with theory than the values for the 
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Figure 13 

RATIO OF ENERGY ABSORBED/SEC IN VARIOUS ORGANIC 
SCINTILLATORS TO ENERGY ABSORBED/SEC IN AIR 
vs INCIDENT GAMMA -RAY ENERGY 

Note All theoreticol curves normolized to 0.6 Mev — o 

All experimentol data normalized relative to Cs 137 measurement 
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thinner crystals as would be expected if this decrees© 
is due to leakage loss as explained in Section II-D, 

All of the results, with the exceptions explained 
above, are seen to he in fairly close agreement with 
theory and it is therefore concluded that any of these 
organic scintillators would be suitable for use in a 
dosimeter. 

To complete the experiment, measurements were taken 
using a fa! crystal which according to theory is B alr- 
equi valent* 5 over only a small energy range. The results 
of these measurements are shown in Fig. 14, Over the 
approximate * ! air-equi valent* range, which for a 25 ma 
N&I crystal is 0,5 Mev to 3 Mev, we see that the experi- 
mental results are in close agreement with the predicted 
theoretical values. Below 0,5 Kov the theoretical ratio 
is seen to increase as the energy decreases, therefore 
for ,? broad beam* geometry we would expect the experimental 
results to be higher than the predicted values. Examina- 
tion of Fig. 14 shows that the restilts are os expected. 
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V. SUMMARY AMD ftECOMMSN DAT I OK S 



A. Summary 

From the theoretical discussion in Section II and 
from the detailed experimental results described in Section 
IV the following general conclusions are made* 

1. Organic scintillators are "air-equivalent" within 
+ 5 percent over a limited energy rang© depending on 
scintillator thickness as shown in the following table 
(see Fig* 4)i 

Scintillator Energy range for 

, t h ick ne,y.,8,-. 



3 mm 


0.12 


Mev 


to 


^7.0 


Mev 


6 mm 


0.13 


Mev 


to 


ro 9.0 


Mev 


12 mm 


0.20 


Mev 


to 


>10 


Mev 


25 mm 


0.25 


Kev 


to 


>10 


Mev 



This table Is based on a calibration of the 
scintillator at 0.6 Mev under equilibrium conditions. 

8. When electronic equilibrium does not exist the 
"air-equivalent" range of the thinner scintillators will 
be considerably reduced fron the values given in the above 
table as a result of leakage of secondary electrons from 
the sides of the scintillator. 






*X . 'jn •• • - "t‘ ' * 01 : 'J *‘f* "* " • 

i. • ll ?* t I.a + ri . •!->. •• . ’ i llc- + 4 : 

;* v- i- I3« ’ r< *vt J ♦ M V! TI 

M Mn-*’ *»•!« .®~ ' • ’ •••» «m, J • * t, . : : * • .r 

. • • % •JIT ' I : i' ^’3 : *o ■: ■ ' ± 

• ■ i «c,* '? "■ ••* • > ««?'■. olti* i vlliJ*: - f * • 



»(> .1-^ *-0 

( m. S *• . r - - '-Vi* . 

s JCUm-TUl 

' o.s ^ • r w3^ 

vi oi r*" (i,P *•* > 

v» ol< **•••>. u- .v - I 

v* Cl< . 



■ .? - •!».-*» him • » : ■ ' ' 

.♦ ! i^ooM r i . • 4 . ' -•••. r '• 

§y» MDct r«t «• * «* 

|M« »««nliisslM tMBftd *4# \f t**n •IiaMI 

•c mv 1| ittriiv NiwVs <r4t*ftll»0 id 

t •.•-,**« *o » •••J * ’■ • • »>« lldlt 

fttff t« Ittil «^f 



3* There is no essential difference between the 
organic scintillators listed below in their response to 
Y radiation* They do, however, have different relative 
efficiencies for light output for the same incident 
radiation intensity. They are listed In order of decreasing 
efficiency. 

a. Anthracene# 

b. Stilbene. 

c. Plastic. 

d. Terphenyl. 

4. Eodium iodide scintillation crystals are "air- 
equivalent" over a very limited energy range* They would 
therefore not bo suitable for use in a scintillation dosi- 
meter except in the measurement of dose rate from sources 
whose y-ray spectrum lies completely in this range. 

5. The effect of scattered radiation must be con- 
sidered when using a scintillation dosimeter with "broad 
beam" geometry. Scattered radiation will lower the measure- 
ment at the low energy end of the "air-equivalent" range. 

The effect at the high energy end of the "air-equivalent" 
range will depend on the crystal thickness and on the 
thickness of material, if any, surrounding the crystal. 

6. A scintillation dosimeter calibrated with s 
standard radium source will measure approximately 2.5 



s . . : iJ:* j i.jr • ;* ' u • . : . , r 

4 'i xi:-'. 4 -.. • *vJL* i . * *1 1 

.v • . 1 , lift . v* 4 l . • . * T 

• , ..J' • -•* '.*i i'.i T ’ '' W, 

) ?* -w ... 00*11 *.•••17 . ;•} 1 <*•**£ J yUJiiJW 

. - : ' ! 

*>:«»• 

. li 
.1\X 

n . . . .» . O.. . ' ■ /li *c * » - - - - * 

; ... .<* #'u» 1 :.f * ■ • ’ •*'* ♦ 

•t*** 4 •« <n •■reHnwii 

,. m; l"'i ■' »♦ 

.. » . . - t • -i- * -*> *• * "-v »•<■ <* 

. j.1 . • - ■. . - -t, 04 . •: ? : •• ■ • • •’ 

i .. , » * . ..-v ;.««*. ».v. *i^Ltrn-K • in.. 

•, ... - . OliO 1 « . : • - • I " •>4 

. ~ *' J • ■ - . c ' - 'O > ' " T »* 

- • i c > . »» *<nt 

m<U iiB '«» MBKtlirl iiftr it I®C •• •’ l/f» ##^n 

. ...... fiit < (1-1 :J K i» I * 

. .. j. •! 4 . • 

, 1 • *1 ?Mf If • • ■• 'V#» 



percent low for rconoenergetic sources whose energies lie 
in the B aii>#qul valent* range. 

B. Recommendations 

It is recommended that « scintillation dosimeter 
be constructed similar to the one described in this 
experiment with the following modifications: 

1. A cylindrical organic scintillator approximately 
1/8 inch diameter, 3/8 inch thick mounted on the end of a 
lucite or quarts light pipe at least 1 foot long. 

£, The scintillator encased in 3 mm of ?, ©Ir~ 
equivalent* material such as bakelite. 

3. Calibrated using a standard radium source. 

The following investigations should then b© con- 
ducted; 

1. Investigate the effects of the light pipe* 

2. Compare the results obtained in different 
phantoms when using the scintillation dosimeter with the 
results for the same phantoms when using a small air 
ionisation chamber such as the Yi ctor ecn meter. 

The results obtained from such an investigation 
would be invaluable to radiobiological research. 



' t •» ’■ *'• i otk 

• r • v , ’ * J aJ 

...... 

■, *. . ; ol» *> • • !•** •’ -i 

. Mi .*■ I.r .Jnrv : I - 1. 6 

t* cu ■ >}' ,f - - t: ’ ■ • -'*•$»* 

ti*3 t r-.r + %. it -'if ■)!.*» .1 

... o.' 1 . ' •' * f *"'l A 

. ... i . * • ■ * • i ll i 

... , ; •• -j * . > . • * « I ? 

. , 4 • si i/9t *i i < •*-’ ‘ . *i *'/• 

. • - * * .*». ,J l. ' 1 - •• •*! i * **- 

„ . - o w i. 17 • .ii ’ ♦ ® ■ 1 . ;1V ' (.1/ ■ • »'* 

: : >• 

. . • i i i . » i •# • : j ;>r -* ' * * 1 • *•* * * ‘ * : 

. * -i: r .J » •<*<* •• r • * 

♦.if • :. »* r^li •: * 1 

. r. .t . -■ **.».• • — * *. * iu**'* 

... «• 

* T+J'-M.'t rt 



C* Conclusion 



It 1 b the belief of the author that the results 
of this investigation h&v® shown beyond question the 
practicability of scintillation dosimeters for use in 
y-r&y measurements and it is hoped that application of 
such instruments will be of some value in future biological 
research. 
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APPENDIX A 



SAMPLE CALCULATIONS 



1* Calculation of aVp, n_/p. 

The values of }* 0 /p and P R /p for air and Hal were 
obtained from the tables in HBB Report 1003. For 
anthracene the values fire not tabulated and Ernst be 
calculated from the values given for hydrogen and 
carbon using the following formula t 





jo a** 0 ! 

A i 




2»t 

i 



tv 



o a^a.^ 
A 1 



where 




A 



i 



K 



o 



•> 

^0; 

jv 



* molecular weight of compound 

* molecular weight of i*th element 

* atomic weight of i*th element 

* Avogadro * s number 

** total attenuation cross section for i f th element 

* Zl( 0 &) * ^ + K 

» total absorption cross section for IHh element 
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For anthracene - - vith B » 1*0 Itev 

T hydrogen * 0 
K hydrogen *" 0 

M.^hydro *«n “ °* 0SM * 10 ‘ 34 CT "/ £t0E 

Me^hydrograi " x 10 ~ C<S c « S /' rton 

Wbydro*.n = °' s11 " x 10 " 4 

^a^a^hydrogen ~ °* 00 *° x 10 ' ca / atoa 

T ~ 0 

carbon 

K carbon * ^ 

VaV carbon * O' 5674 «»*/•<»■ 

s C^e 7 ^ carbon “ 1<r67 “a 2 /®* 0 ® 

^o^ carbon “ 1 * 267 cs|£ '''* t0 * 

^a^ carbon “ 0,5SW e® 8 /®*® 

^carbon * 168 gm/nole 

w hydrogen * ^ S r 'Mol«i 
V « X?8 gat/mole 

K 0 » 6*03 * 10 atoms/gn-raole 




^ y (io).(a«03. x xo^){a.m; x io~ a ) ♦ 

+ 168(6,03 X 10 F3 )(l.g67 X iq- £4 ) 
* 12 



m 



• ' ' * ■ - ~ " ' 

f. ~ T 

m 

► *" • ® * at 

**.*:,•-* • v-9 • ' Jf 

m*A*m "-U r ^ • oihi>mW 

t. ; c : V yi 



D 



T 



r ' * ac- 1 * ■> * 

k»*.« - ^viM! 

*».»»\ ad TO<.i - 

rv«\ ! «» TWJ « B ^.. W 
-.03 ,\ ] JO VT" . • n<rirl (^a.. 

•*«''» ' » ,,. W 

whafm «ri * v 

. :a - »>• * V| >< » t - • i* 

.*i T — :< T f : .. a' 

CZit . * tfcrtfl - 



similarly 



T 2 » 0.0671 gci/cra*' 
P 



~r *» 0.0295 gm/ccf 



2. Calculation of ratio R for anthracene crystal 24 
naa thick and E^ » 1.0 Hev 
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a 



0,0295 gm/cm' 



2 



» 0,0671 grn/oj 4 
a 0*0279 ga/ciii*' 

p » 1.25 gai/cra^ density of anthracene 
p* « 0,001205 gns/ca^ density of dry air 

20°C and 760 ram 

C(1.!>S)(0.Q£95) fl - {,.«)' 
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From similar calculation for 



» 0.6 Key 



St 
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H 0.8 “ 964 *' 7 c 

Normalising at 0,6 Key let C * * then (S 0 ,6^nona ** 1 

and the normalised value of q becomes 





norm 



, ma 

9&U7 



® 1.01 



3. Calculation of B 
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Ha" * 



has two y rays 
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1.38 Hev 
£.76 Mev 

i ~ * s 



Percent abundance 
100 
100 
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4, Calculation of ratio K for non-raonoenergotic source 
using exact formula compared with calculation of R using 
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For la considering ratio of anthracene to air 

Anthracene Air 







'\/p 


^./p 




E n 


1.38 Mev 


0.029 


0.060 


0.026 


e ye 


2.76 Mev 


0.024 


0.041 


0.021 


s 


2.07 Mev 


0.026 


0.048 


0.023 


For 


non-monoenergetic 


with d 


= 6 M 





n rt « n 
°1 °2 



C(0.0£9) (1.38) (1 
2 “ 0.001205 (0 



A - (0.06) (0.6) (l.25)\ 

^ X * E5 V (Q.Q6) (0.6) (1.25) / 

. 026 ) (1 . 38 ) + ( 0 ! 02 1 ) ("2 . 76 ) + 



4 -(0.041) (0.6) (1.25)^ 

0(0.024) (2.78) (1.25) 

^ 0.001205 (0.026) (1.38) + (6.021) (2.76) 



R ^ 1141 c 

i 



For average energy 



ss 

E.. 



C(0.026)(l 



. 25 )^ 



x _ (0.048) (0,8) (1.25/ 



(0,048) (0.6) (I7H5T 



0.001205(6.023) 



R'F’” 88 1148 C 
Y 

Comparison of R ^ with R|r- shows that the error introduced 
by the use of is <^0.6 percent. 
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